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The effects of suspended insoluble solids (SIS) concentration and particle size, and the time after apple
pressing on the efﬁciency of UV treatment of cloudy apple juice were evaluated. Clear model solutions
(formulated to resemble physicochemical characteristics of apple juice) and commercial apple juice,
containing different solids concentrations, were treated using a CiderSure reactor at 14 mJ cm2 UV dose.
Particle size effect was assessed on model solutions treated at 7 mJ cm2 UV dose. The juice ﬂow rate
through the UV machine was determined. All samples were inoculated with Escherichia coli ATCC 25922
(106e107 CFU ml1) and UV treated at 214.5 ml s1 ﬁxed ﬂow rate. Log reductions were calculated.
Increasing SIS concentrations did not signiﬁcantly affect the juice ﬂow rate (P> 0.05) but adversely affected
the inactivation of E. coli (P < 0.05). For solutions treated at 7 mJ cm2, a negative linear relationship be-
tween SIS and ﬂow rate was observed and particle size signiﬁcantly affected the ﬂow rate (P < 0.05). A
negative effect of time after apple pressing on the juice ﬂow rate was observed and this effect was apple
cultivar-dependent, thus UV efﬁciency would be improved if time after pressing is minimized.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Numerous outbreaks associated with the consumption of
contaminated and unpasteurized apple juice around the world
(Cody et al., 1999; Danyluk, Goodrich-Schneider, Schneider, Harris,
& Worobo, 2012; Steele, Murphy, Arbus, & Rance, 1982) have
stressed the importance of including a microbial killing step during
the processing of these products.
In recent years, due to a global increased consumer demand for
more fresh-like beverages with enhanced nutritional properties,
the application of ultraviolet (UV) light technology, an affordable
nonthermal treatment (Choi & Nielsen, 2005; Keyser, Muller,
Cilliers, Nel, & Gouws, 2008; Murakami, Jackson, Madsen, &
Schickedanz, 2006), has attracted the interest of the juice in-
dustry and in particular of small and medium size apple orchards
interested in producing clear and cloudy, refrigerated apple juices.
Since 2000, the Food and Drug Administration in the United States
has recognized UV treatment as an alternative to thermal
pasteurization of juices (FDA, 2013). This treatment has been
proven effective against the pathogens of concern in apple juiceience, 630 W. North Street,
1 315 787 2284.
our).
Ltd. This is an open access article uincluding Escherichia coli O157:H7 and Cryptosporidium parvum
(Basaran, Quintero-Ramos, Moake, Churey,&Worobo, 2004; Hanes
et al. 2002; Oteiza, Peltzer, Gannuzzi, & Zaritzky, 2005; Quintero-
Ramos, Churey, Hartman, Barnard, & Worobo, 2004). Moreover,
the technology has shown some advantages in comparison with
traditional heat treatments including limited changes in physical,
chemical and nutritional properties of juices (Caminiti et al., 2011;
Tran & Farid, 2004), and degradation of patulin in apple juice
(Assatarakul, Churey, Manns, & Worobo, 2011; Dong et al., 2010).
Notwithstanding, the application of UV is restricted for certain
beverages due to the presence of compounds that increase the UV
absorptivity of juices, such as colored compounds and particulate
matter, which interfere with the UV light's penetration and reduce
the antimicrobial capacity of the technology (Koutchma, 2009;
Koutchma & Parisi, 2004; Oteiza et al., 2005).
Previous studies have demonstrated that suspended insoluble
solids (SIS) represent a major concern in UV disinfection of water
(Brahmi, Belhadi, Hamdi, & Hassen, 2010; Whitbay & Palmateer,
1993; Winward, Avery, Stephenson, & Jefferson, 2007). Neverthe-
less, only a few reports regarding this phenomenon in juices have
been published to date. Koutchma, Keller, Chirtel, and Parisi (2004)
examined the effect of particulate matter on the inactivation of
E. coli K-12 in cloudy apple juice subjected to 14 mJ cm2 UV dose
and using a CiderSure 1500 UV thin ﬁlm reactor. Increasing thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Schematic of the CiderSure 3500 commercial UV juice-processing unit.
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tively impacted the effectiveness of the treatment resulting in
lower log reductions. Nonetheless, this evaluation was performed
using a laminar ﬂow rate, while a turbulent ﬂow regime is a con-
dition required by the FDA to ensure the safety of the UV treated
juices (FDA, 2013). Murakami et al. (2006) evaluated the same ef-
fect in a model apple juice solution with turbidities between 0.5
and 858 NTU and treated with UV doses ranging from 2 to
36 mJ cm2. A signiﬁcant effect of SIS on the UV inactivation of
E. coli K-12 was also observed and explained by the seeming
layering of light penetration, which causes the portion of the
product closest to the UV-light source to be sterilized effectively,
while the farther portion may not be equally treated. However, the
effect of turbulence was not evaluated and the extrapolation of the
results for juices with higher solids content has some limitations.
Similarly, very little information has beenpublished regarding the
change in color of apple juice (browning) due to enzymatic reactions
on the efﬁciency of UV light treatments. Koutchma et al. (2004)
studied this effect adding caramel (from a commercial carbonated
beverage), to a model solution and found that increasing the absor-
bance of the solution resulted in lower inactivation levels of E. coli K-
12. However, caramel is not naturally found in apple juice, the results
of the study were not related to the actual time after apple pressing
and corresponding color change during juice manufacturing, and its
impact on the productivity of the UV systemwas not assessed.
This study aims to address some of the existing gaps in the
literature regarding the inﬂuence of the presence of insoluble solids
and the darkening of apple juice after apple pressing on the
effectiveness of the UV treatment of cloudy apple juice when using
a commercial-scale processing reactor. The elucidation of this in-
formation will contribute to understand how these variables may
affect the inactivation of E. coli and the productivity of UV light
systems when treating apple juice and similar liquid products.2. Materials and methods
2.1. UV processing unit
UV treatments were carried out at a wavelength of 254 nm and
at UV doses of 14 mJ cm2 or 7 mJ cm2 accordingly. Treatmentswere performed using a CiderSure 3500 commercial UV juice-
processing unit (FPE Inc., Rochester, USA), which comprises a
stainless steel housing and three inner quartz tubes connected in
series. Beverages are pumped in a thin ﬁlm through the system
(ensuring a turbulent ﬂow regime) using a positive displacement
pump (four-vane pump with a variable ﬂow rate) (Quintero-Ramos
et al., 2004). Inside the system, the liquids are exposed to eight or
four low-pressure mercury lamps depending on the selected UV
dose. The lamps are placed inside the quartz tubes. This machine
has two settings: “ﬁxed UV dose” and “ﬁxed ﬂow rate” and is
equipped with two UVX-25 sensors (UVP, LLC, Upland, USA). The
sensors are placed at the bottom and the top of the outer cylinder
and measure the UV transmittance through the juice every 50 ms.
These values are directly relayed to the control panel and an al-
gorithm which ensures a 5-log reduction of E. coli O157:H7 in
unﬁltered apple cider with the UV apparatus is then used. This
algorithm considers the absorption coefﬁcient of the cloudy apple
juice and calculates the unadjusted average power throughout the
entire treatment volume. This result is then multiplied by the
sensor placement factor (supplied by the manufacturer) to obtain
the actual UV intensity (Quintero-Ramos et al., 2004). A detailed
schematic of the UV juice-processing unit is provided in Fig. 1.
Based on the measurement of incident UV intensity on the liquid
obtained at a wavelength of 254 nm, when the apparatus is
working under the “ﬁxed UV dose” mode, it has been programmed
to automatically adjust the pump ﬂow rate ensuring a constant UV
dose exposure of 14 mJ cm2 or 7 mJ cm2. For ﬂuids with high UV
absorption, the ﬂow rate of the liquid through the system is auto-
matically slowed down, while for products with a lower absorption
the ﬂow rate is increased, so that the selected UV dose is consis-
tently delivered to the product. In compliance with FDA regulations
(FDA, 2013), a turbulent ﬂow regime (Re > 2200) was used at all
tested conditions, and as an indicator of productivity, the ﬂow rate
of the juice through the UV unit was measured as the time required
for processing a known volume of liquid.2.2. Effect of SIS concentration
Two independent batches of freshly produced, non-pasteurized
cloudy apple juice, which did not contain any preservatives or other
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until used. Apple solids, as a slurry, were isolated during the
screening step from the same processing line that produced the
apple juice, and stored at 2 C. Prior to use, apple solids were ho-
mogenized with a high shear mixer (model HSM-100 LSK, Charles
Ross & Son Company, Hauppauge, USA). Solids were treated for
2 min with a disintegrating screen stator head, and 2 min with a
slotted screen rotor head, at the maximum agitation speed of
10,000 rpm.
Homogenized apple solids were added to the ﬁrst batch of juice
at different concentrations resulting in ﬁve solutions with turbid-
ities from 1300 to 1700 NTU (refer as low turbidity apple juice) and
to the second batch of apple juice obtaining six different solutions
with turbidities from 1500 to 2800 NTU (refer as high turbidity
apple juice).
A clear model solution was used to isolate the effect of the SIS
concentration on the ﬂow rate from the effect of the sample UV
absorption due to the presence of colored compounds. Model so-
lution was formulated considering the average chemical composi-
tion and physicochemical properties of cloudy apple juice reported
by Markowski, Baron, Mieszczakowska, and Płocharski (2009) and
Piyasena, Rayner, Bartlett, Lu, and McKellar (2002). The composi-
tion of the solution is given in Table 1.
Apple solids added to the model solution were extracted at
1800 rpm using a turbo extractor for cold processing of apples
(series CX 5, Bertocchi SRL, Parma, Italy), equipped with a 1.5 mm
screen, and immediately heat treated at 96.6 C for 6min to prevent
enzymatic browning. Solids were added tomodel solution resulting
in six solutions with turbidities ranging from 3 to 1600 NTU. Apple
juice and model solutions were treated at room temperature at a
ﬁxed UV dose of 14 mJ cm2 and the ﬂow rate was determined.
Processing trials were performed in triplicate.
To evaluate the effect of SIS on the inactivation of E. coli ATCC
25922, a non-pathogenic surrogate that has shown similar UV
sensitivity to E. coli O157:H7 (Quintero-Ramos et al., 2004), the
apple juices and model solutions used to evaluate the effect of SIS
on ﬂow rate were bottled and stored at 2 C for up to 24 h. Samples
were inoculated and analyzed as indicated in the Section 2.6.
Inoculated samples were UV treated using the “ﬁxed ﬂow rate”
setting to avoid the automatic ﬂow rate adjustment, thus UV
exposure was variable depending on the sample's UV absorptivity.
A ﬁxed ﬂow rate of approximately 214.5 ml s1 was used as it
corresponds to the maximum pumping capacity of the UV reactor
and therefore the minimum time of UV exposure achievable on this
machine.Table 1
Composition of the model apple juice solution used to assess the effects of SIS
concentration and particle size on UV efﬁciency.
Component Content
(g kg1)
Supplier
Distilled water 876.05 Available at the processing site
D-Fructose 61.47 Fisher Scientiﬁc (Fair Lawn, NJ)
Sucrose 32.42 Fisher Scientiﬁc (Fair Lawn, NJ)
D-Glucose 20.03 Fisher Scientiﬁc (Fair Lawn, NJ)
Malic acid 6.48 Presque Isle Wine Cellars (North
East, PA)
Potassium acetate 2.85 Mallinckrodt, Inc. (Paris, KY)
Water soluble pectin (high
methoxyl)
0.59 TIC Gums (Belcamp, NY)
Citric acid monohydrate 0.09 J.T. Baker Chemical Co.
(Phillipsburg, NY)
Ascorbic acid 0.02 Growers Co-op Grape Juice Co.
(Westﬁeld, NY)2.3. Effect of SIS particle size
Since no signiﬁcant effect of SIS on the ﬂow ratewas observed at
14 mJ cm2 UV dose, the same effect was evaluated at a reduced
dose of 7 mJ cm2 while still guaranteeing a turbulent ﬂow regime.
A clear model solution (Table 1) and apple solids with two different
average particle sizes were used to assess the effects of particle size
(over a range of SIS concentrations) on the ﬂow rate of the solution
through the UV unit. Apple solids (average diameter of 895 mm)
were obtained using a turbo extractor, following the procedure
indicated in Section 2.2. A second batch of solids, with a smaller
average diameter (199 mm), was obtained by the same method but
using a 0.4 mm screen. Solids were heat treatedwith steam at 99 C
for 5 min to soften the slurry and facilitate the second homogeni-
zation step, which was carried out for 2 min with a high shear
mixer (model HSM-100 LSK, Charles Ross & Son Company,
Hauppauge, USA) equipped with a high shear rotor/stator attach-
ment. These solids were ﬁnally treated with the high shear mixerfor additional 2 min using the ﬁne screen stator head at the
maximum speed of 10,000 rpm.
The effects of particle size over a range of turbidity values were
evaluated by adding different concentrations of apple solids (as
slurries) with two different average particle sizes (895 mm and
199 mm) to two independent model solutions, both resulting in
turbidities from 4 to 500 NTU. The ﬂow rate of the solution through
the reactor was determined. After treated, samples were bottled
and stored at 2 C for up to 24 h. Model solutions were then
inoculated with E. coli ATCC 25922 and UV treated at a ﬁxed ﬂow
rate of 214.5 ml s1. All treatments were executed in triplicate.
Inoculation and analysis were performed as indicated in the Section
2.6.
2.4. Effect of time after apple pressing
Cloudy apple juice was prepared from three apple cultivars:
‘Jonagold’, ‘Golden Delicious’ and ‘Rhode Island Greening’. Apples
were washed and passed through a comminuting machine (The
W.J. Fitzpatrick Company, Chicago, USA), and immediately pressed
in a hydraulic rack-and-frame press for juice extraction. The
resulting juice was treated at 14 mJ cm2 ﬁxed UV dose after
0e120 min of apple pressing (10e20 min intervals). The ﬂow rate
and color of the juice were measured at each sampling time. The
juice color was determined using the L0, a0 and b0 Hunter color
parameters, and the total color difference (DE) was calculated at
each sampling time using the equation: DE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DL02  Da02 þ Db02
p
.
After 120 min of apple pressing, juices were inoculated with E. coli
ATCC 25922 and treated at 14mJ cm2. Treatments were performed
in triplicate.
2.5. Physicochemical analyses
pH was measured using an Accumet Basic AB15 pH meter
(Fisher Scientiﬁc, Pittsburgh, USA). Soluble solids content (degree
Brix), were measured using a Leica Auto Abbe refractometer model
10500-802 (Leica Inc., Buffalo, USA). Titratable acidity (expressed as
malic acid) was determined with a G20 compact titrator (Mettler
Toledo, Schwerzenbach, Switzerland). Particle size distribution of
apple solids was determined using a laser diffraction particle size
analyzer Mastersizer 2000 (Malvern instruments, Worcestershire,
UK). SIS concentration was estimated as spin solids (Vaillant, Perez,
Acosta, & Dornier, 2008) by centrifuging 10 ml of pre-weighed
homogenized sample at 2200 g for 15 min and draining the
liquid. Turbidity was measured using a HACH 2100P turbidimeter
(Hach Company, Loveland, USA). The samples' absorption co-
efﬁcients (a) were determined following the protocol reported by
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absorbance against the path length. After a 10-fold dilution in
distilledwater, samples absorbancewasmeasured at 254mmusing
a UV-1800 spectrophotometer (Shimadzu Scientiﬁc Instruments,
Columbia, USA) equipped with demountable fused quartz cuvettes
(NSG Precision Cells, Inc., Farmingdale, USA) of 0.1, 0.2, 0.5 and
1.0 mm path lengths. Moisture content of apple solids was deter-
minedwith amoisture analyzer model MX-50 (A&D Co. Ltd., Tokyo,
Japan). The Hunter color parameters L0 (lightness: 0 ¼ black,
100 ¼ white), a0 [greenness (), redness (þ)] and b0 [blueness (),
yellowness (þ)] were determined using the reﬂectance-specular
included (RSIN) mode in a Hunter UltraScan VIS spec-
trocolorimeter (Hunter Lab Assoc., Reston, USA) with the large
reﬂectance port (25 mm), D65 illuminant, white background and
10 observer angle. The color meter was calibrated using a standard
and calibrated white ceramic tile (L0 ¼ 100) and a light trap (L0 ¼ 0).
After calibration, 50 ml of each sample were placed in a quartz
cuvette with a ﬁxed path length of 20 mm (55 mm  57 mm;
width  height) and duplicate readings of L0, a0, and b0 were taken.2.6. Microbiological analysis
Quantiﬁcation of E. coli was performed as reported by Basaran
et al. (2004). E. coli ATCC 25922 (clinical isolate from the Amer-
ican Culture Collection) was obtained from the Food Microbiology
Laboratory at the New York State Agricultural Experimental Station
(Geneva, USA). A single isolated colony was transferred into 10 ml
of trypticase soy broth (TSB) (Difco, Becton Dickinson, Sparks, USA)
and incubated for 5 ± 1 h at 35 ± 2 C. The inoculated TSB was
transferred into 400 ml of TSB and incubated for 20 ± 2 h at
35 ± 2 C (to stationary phase) on a rotary platform shaker, at
250 rpm. Prior to UV treatment, approximately 1.8 l of each juice or
model solution was inoculated with a 20 ml aliquot of E. coli sus-
pension, resulting in an initial population of 106e107 CFU ml1.
Inoculated solutions were aseptically sampled before and after UV
processing and pour-plated by duplicate using trypticase soy agar
(TSA). After incubation (20 ± 2 h at 35 ± 2 C), colonies were
counted and replicate counts were averaged. Microbial reduction
was calculated as log (N/No) where N refers to the after treatment
count and No to the initial count (CFU ml1).Fig. 2. Turbidity as a function of spin solids concentration in cloudy apple juice.2.7. Statistical analyses
Linear regression analysis was used to evaluate the relationships
between turbidity and spin solids, among SIS concentration and
ﬂow rate of apple juice and model solutions, and between time
after apple pressing and total change in color. Analysis of variance
(ANOVA) was used to test differences betweenmean ﬂow rates and
inactivation of E. coli within the ﬁve low turbidity apple juices,
among the six high turbidity juices and within the model solutions.
A multiple linear regression analysis was applied to assess the ef-
fect of SIS concentration and particle size on the ﬂow rate of model
solutions treated at 7 mJ cm2 UV dose. An interaction term be-
tween average particle size and turbidity was included to identify
the effect of turbidity on the ﬂow rate at different particle sizes. The
same analysis was used to evaluate the effect of time after pressing
(after a natural log transformation) and ﬂow rate. An interaction
term between cultivar and time was included to identify the effect
of cultivar on the ﬂow rate at different times after pressing. Stu-
dent's t-test was used for means comparison. Statistical analyses
were performed using JMP® version 11 (SAS Institute, Cary, USA).
Differences were considered signiﬁcant when P < 0.05.3. Results and discussion
3.1. Relationship between turbidity and spin solids in cloudy apple
juice
The SIS concentration was determined using two methods:
turbidity and spin solids estimation. For apple juices with turbid-
ities ranging from 1300 to 3200 NTU, a linear relationship
(r2 ¼ 0.93) between the two measurements was found (Fig. 2).
Vaillant et al. (2008) reported that the relationship among these
variables for different fruit juices (banana, pineapple, and black-
berry) is slightly non-linear and can be expressed by a power law
type equation. However, in that study the authors evaluated a
wider range of turbidities and reported equations with exponents
lower than 1.5. Thus, considering the selected range of turbidity in
our study, which comprises the typical turbidity values for com-
mercial apple juice (Koutchma et al., 2004), the results obtained
might represent a linear section of the curvilinear trend mentioned
above. Bearing in mind that turbidity assessments allow getting
immediate results, and that small variations in SIS content result in
much higher variation in turbidity values, which makes the
turbidity measurement more accurate in comparison with the spin
solids estimation (Vaillant et al., 2008), turbidity was chosen as the
preferred method to express the SIS concentration in the apple
juices and model solutions for this study.3.2. Effect of SIS concentration
Physicochemical characterization of apple juice, model solution
and apple solids are shown in Tables 2 and 3.Whenmodel solutions
(six different samples with turbidities ranging between 3.8 ± 0.3 to
1612 ± 121 NTU) were treated at a ﬁxed UV dose of 14 mJ cm2, the
SIS concentration, in terms of turbidity, did not show a signiﬁcant
effect (P > 0.05) on the ﬂow rate through the CiderSure
(178± 13ml s1). Moreover, when the treatment was applied under
a “ﬁxed ﬂow rate”, no signiﬁcant differences (P > 0.05) on the log
reduction of E. coliwere observed (mean log reduction of 6.7 ± 0.3).
Likewise, turbidity did not signiﬁcantly affect (P > 0.05) the juice
ﬂow rate and inactivation of E. coli when the ﬁve low turbidity
apple juices were compared against each other (from 1388 ± 12 to
1684 ± 45 NTU), and the juice ﬂow rate of the high turbidity apple
juice (from 1526 ± 106 to 2800 ± 45 NTU). Nonetheless, when high
turbidity apple juices were compared against each other, even
though non-signiﬁcant changes on the average ﬂow rate were
Table 2
Physicochemical characterization of the liquid substrates used to evaluate the effects of SIS on the product ﬂow rate and microbial inactivation of E. coli using UV treatment
(mean ± standard deviations, n ¼ 3).
Sample pH Soluble solids
(Brix)
Titratable acidity (g malic
acid$kg1)
Color Turbidity
(NTU)
Absorption
coefﬁcient
(mm1)
L0 a0 b0
Apple juice (low
turbidity)
3.79 ± 0.01 12.29 ± 0.01 3.60 ± 0.01 30.01 ± 0.01 0.6 ± 0.1 2.7 ± 0.1 1381 ± 12 2.14 ± 0.07
Apple juice (high
turbidity)
3.84 ± 0.04 13.6 ± 0.2 3.20 ± 0.01 28.0 ± 0.2 0.8 ± 0.2 3.37 ± 0.08 1526 ± 106 2.19 ± 0.04
Model solution 3.56 ± 0.01 11.28 ± 0.01 6.49 ± 0.02 43.16 ± 0.06 0.65 ± 0.01 0.28 ± 0.02 3.80 ± 0.03 0.08 ± 0.02
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ductions of E. coli was found (P < 0.05). These differences are
explained by the fact that, as reported by Parker and Darby (1995),
higher concentrations of particulate matter cause a shielding effect
for microorganisms limiting the effectiveness of the UV light
technology. Moreover, solids could also absorb part of the UV light
energy applied to the product and therefore reduce the amount of
energy available for the inactivation of microorganisms (Murakami
et al., 2006). Average ﬂow rates of low and high turbidity apple
juices were 64 ± 6 ml s1 and 69 ± 7 ml s1, respectively (no sig-
niﬁcant difference, P> 0.05) and the average log reductions of E. coli
ATCC 25922 resulted in 5.55 ± 0.04 for the low turbidity juice and
4.8 ± 0.7 for the apple juices with a higher turbidity level (signiﬁ-
cant difference, P < 0.05).
Expected differences between themean ﬂow rates of apple juice
and model solutions were observed and can be explained by the
disparities in the apparent absorption coefﬁcients of the samples
(Table 2), conﬁrming that UV light transmission through liquid food
products decreases with increasing UV absorbance (Koutchma
et al., 2004; Sharma, 1992; Sommer et al., 1995).3.3. Effect of SIS particle size
In model solutions treated at 7 mJ cm2 UV dose, a negative
linear relationship between turbidity and ﬂow rate was found
(Fig. 3). This effect was observed in the two independent batches of
model solutions, where apple solids with two different average
particle sizes were added. A signiﬁcant interaction between
average particle size and turbidity was also observed (P < 0.05).
Therefore, particle size has a signiﬁcant effect on the ﬂow rate
when turbidity changes. Furthermore, increments in turbidity due
to the addition of larger particles caused a more pronounced
decrease on the ﬂow rate as compared to model solutions where
smaller particles were added (Fig. 3). For clear solutions containing
the larger solids (average particle diameter of 895 mm), increments
in the concentration of SIS explained about 98% of the total linear
reduction in the ﬂow rate whereas for solutions containing smaller
solids (average particle diameter of 199 mm) the coefﬁcient of
determination was 87%.Table 3
Physicochemical characterization of the apple solids used to evaluate the effects of
SIS on the product ﬂow rate andmicrobial inactivation of E. coli during UV treatment
(mean ± standard deviations, n ¼ 3).
Sample pH Soluble
solids (Brix)
Moisture
content
(g kg1)
Average particle
diameter (mm)
Apple juice (low
turbidity)
3.85 ± 0.03 11.5 ± 0.3 850 ± 10 417 ± 7
Apple juice (high
turbidity)
3.78 ± 0.03 13.80 ± 0.02 851 ± 3 325 ± 2
Model solution 3.81 ± 0.01 12.43 ± 0.01 858 ± 2 905 ± 9Considering that the most adverse effect of solids on ﬂow rate
was observed in presence of larger particles, the log inactivation of
E. coli was tested in those samples and, regardless of the solids
concentration, a greater than 5-log reduction of E. coliwas achieved
when the treatment was applied using the “ﬁxed ﬂow rate” mode.
No signiﬁcant differences (P > 0.05) in the log reductionwere found
(average log reduction of 6.4 ± 0.5). These results suggest that
despite the presence of larger particles, the turbulent ﬂow regime
used at all tested conditions (Reynolds numbers between 3000 and
4000) ensured a uniform distribution of the UV light during the
application of the treatment.3.4. Effect of time after apple pressing
The characterization of apple juices used to evaluate the effect of
time after apple pressing is shown in Table 4. An attempt was made
to record the absorption coefﬁcient (a) of juices at each sampling
time but the method was slow enough that samples were already
browned when measured. Therefore, the total change in color (DE)
based on the Hunter color parameters was calculated. For ‘Jonagold’
juice, an important reduction in the ﬂow rate, of about 17% (from
197 ± 6 ml s1 to 162 ± 7 ml s1) was found within the ﬁrst 60 min
after apple pressing. Afterwards, no apparent differences were
observed on the ﬂow rate, which on average was 160 ± 6 ml s1
(Fig. 4). A similar, but not as strong, effect was observed for the
‘Rhode Island Greening’ and ‘Golden Delicious’ cultivars (Fig. 4). A
multiple linear regression analysis showed that a linear relation-
ship between time after pressing, after a natural log transformation,
and ﬂow rate was found for every cultivar. A signiﬁcant interaction
between cultivar and time was also observed (P < 0.05). TheFig. 3. Flow rate as a function of turbidity of model solutions with added apple solids
with two different average particle diameters: 895 mm (C) and 199 mm (B), and
treated at 7 mJ cm2 ﬁxed UV dose.
Table 4
Physicochemical characterization of the apple juices used to evaluate the effect of time after apple pressing on the ﬂow rate and microbial inactivation of E. coli during UV
pasteurization (mean ± standard deviations, n ¼ 3).
Apple cultivar pH Soluble solids (Brix) Titratable acidity (g malic acid$kg1) Turbidity (NTU) Color
L0 a0 b0
‘Jonagold’ 3.59 ± 0.07 11.7 ± 0.4 4.5 ± 0.2 628 ± 61 28.7 ± 0.2 0.0 ± 0.1 0.04 ± 0.08
‘Golden Delicious’ 3.39 ± 0.02 11.6 ± 0.4 2.4 ± 0.8 872 ± 53 29.3 ± 0.1 0.7 ± 0.6 1.4 ± 0.6
‘Rhode Island Greening’ 3.43 ± 0.05 12.6 ± 0.1 7.0 ± 0.4 1400 ± 90 29.4 ± 0.5 0.3 ± 0.1 1.1 ± 0.2
Fig. 4. Juice ﬂow rate as a function of time after apple pressing for juice made from
three apple cultivars: ‘Jonagold’ (C), ‘Golden Delicious’ (B) and ‘Rhode Island
Greening’ (;). Error bars represent standard deviations, n ¼ 3.
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agold’, followed by ‘Golden Delicious’ and less marked for the
‘Rhode Island Greening’ cultivar. Moreover, the initial ﬂow rates of
each cultivar differed signiﬁcantly (P < 0.05) in the same order:
highest for ‘Jonagold’ and lowest for ‘Rhode Island Greening’. These
differences can be explained by the observed disparities in the
initial turbidity of the samples (Table 4). Thus, at lower turbidity, a
higher ﬂow rate was obtained, as expected.
The total change in juice color signiﬁcantly increased with time
after apple pressing for the ‘Rhode Island Greening’ juice (P < 0.05)
(Fig. 5). Same trend was observed for juices made from ‘Jonagold’Fig. 5. Total change in color of the apple juices as a function of time after apple
pressing for juice made from three apple cultivars: ‘Jonagold’ (C), ‘Golden Delicious’
(B) and ‘Rhode Island Greening’ (;). Error bars represent standard deviations, n ¼ 3.and ‘Golden Delicious’ but, for the last two cultivars, the color
change resulted non-signiﬁcant (P > 0.05). These results indicate
that darkening of apple juice, mostly explained by enzymatic re-
actions, can signiﬁcantly reduce the efﬁciency of UV treatments in
terms of ﬂow rate, and that this effect is apple cultivar-dependent.
Yet, regardless of the cultivar tested, at a constant UV dose of
14 mJ cm2, a greater than 5-log reduction of E. coli was achieved
when samples where inoculated and UV pasteurized at 120 min
after apple pressing, where no further changes in color were
observed.4. Conclusions
Although a greater than 5-log reduction of E. coli was achieved
under all tested conditions, considering the observed negative ef-
fects of increasing the SIS concentration and particle size in UV-
treated cloudy apple juice, special considerations must be given
to these variables when UV treating this and similar liquid food
products.
Furthermore, since increasing the time after apple pressing was
associated with lower juice ﬂow rates, coupling the juice extraction
system with the UV reactor would be recommended to minimize
this undesirable effect. However, factors such as the juice extraction
system, production volume, and blend of apple cultivars should be
considered before the implementation of this strategy.
The results obtained in this study will assist current producers
of UV-treated apple juice and similar liquid food products to un-
derstand how turbidity, particle size of SIS, and time after apple
pressing may inﬂuence the productivity of UV systems when using
a commercial-scale processing reactor such as the CiderSure. Our
ﬁndings may also assist process developers and researchers to
optimize the application of this nonthermal technology and to
design new UV-based processes for products containing an
important amount of particulate matter and colored compounds.Acknowledgments
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